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ABSTRACT
In this paper, head-related transfer functions (HRTFs) in
the median plane were analyzed to investigate details of
spectral cues of sound localization in the median plane.
Head-related impulse responses (HRIRs), which are repre-
sentation of HRTFs in time domain, were filtered with au-
ditory filters based on equivalent rectangular bands (ERB).
Level changes according to median plane angle were cal-
culated for each band and inter-band correlations were an-
alyzed. Results showed some ERB bands, which include
characteristic notches, are negatively correlated to other
bands. Furthermore, whole frequency bands were grouped
into three aggregated bands and their level changes were
analyzed to clarify causes of negative correlations.
1. INTRODUCTION
Spectral cues in head-related transfer functions (HRTF),
such as peaks and notches occurring above 4 kHz, are im-
portant for sound localization in the median plane [1–5].
However, it may be complicated for the auditory system
to detect absolute frequency and level peaks and notches,
mapping them to three-dimensional positions. In contrast,
it may be more reasonable that comparisons are made of
the relative level differences between frequency bands due
to various peaks and notches. With this approach, it is
not necessary to detect peaks and notches directly, only
comparisons in levels across frequency bands are needed.
In this paper, we analyze level changes of median plane
HRTFs in narrow frequency bands using auditory filters
and inter-band correlations. These changes are investi-
gated to clarify effects of peaks and notches on compre-
hensive level changes in the corresponding HRTFs.
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Figure 1. An example of HRTFs in median plane
(HRTF 1).
2. OVERVIEW OF HRTFS FILTERED BY
AUDITORY FILTERS
We analyzed 105 HRTF sets from the RIEC (Research
Institution of Electrical Communication, Tohoku Univer-
sity) database, available in the SOFA [6] format standard.
HRTFs were measured using a spherical loudspeaker ar-
ray at RIEC for individual listeners. Head-related impulse
responses (HRIRs) were acquired in the upper median
plane from front (0◦) to rear (180◦) in 10◦-steps. Fig. 1
shows an example median plane HRTF. We can observe
deep notches from 4 kHz that shift with changed in me-
dian plane angle. These notches are considered to be due
to acoustic phenomena of the pinnae. Furthermore, shal-
low notches can be seen at low frequencies. These notches
are associated to the head being a rigid obstacle.
Each HRIR was then filtered by a band limited auditory
filter. A Gammatone filter bank [7] was employed in this
analysis, with 40 equivalent rectangular bandwidth (ERB)
[8] over the full audible frequency range (up to 20 kHz).
Output power level of the filtered HRIRs for the 19 me-
dian plane angles was calculated, resulting in 760 values
(19 angles× 40 bands) for each listener. Gammatone filter
on the time domain can be expressed as follows:
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Figure 2. An example filtered median plane HRTF
(HRTF 1). Numbers in parentheses indicate ERB fre-
quency band (ID#), numbered from 1 to 40 from the lowest
frequency.
g(fcj , t) = at
n−1 exp(−2pibERB(fcj)t) cos(2pifcjt+ φ),
where fcj is the center frequency, and parameters in
g(fcj , t) were set as follows:
a = 1
b = 0.9826
φ = 0
n = 10 log10 2.
Fig. 2 shows an example of a filtered median plane
HRTF. Although the frequency resolution is reduced due to
the use of band-passed filters, frequency notches can still
be observed.
3. CORRELATION ANALYSIS
From the output levels of each ERB band, the level change
of individual ERB bands was obtained as a function of el-
evation angle: P (θk, fci), (θk = 0, 10, ..., 180◦). The cor-
relation across frequency bands for the level change as a
function of angle was then calculated. The correlation co-
efficient value C(fci, fcj) is expressed as:
C(fci, fcj) =
N∑
k=1
(
P (θk, fci)− P (θ, fci)
)(
P (θk, fcj)− P (θ, fcj)
)
√√√√ N∑
k=1
(
P (θk, fci)− P (θ, fci)
)2 N∑
k=1
(
P (θk, fcj)− P (θ, fcj)
)2
This produced 39 cross-correlation values and one auto-
correlation for each band with a correlation matrix of
40 bands × 40 bands for each listener. Fig. 3 shows an
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Figure 3. An example ERB band correlation matrix
(HRTF 1).
example correlation matrix for an HRTF. The diagonal ex-
presses the auto-correlation coefficient of the band, equal
to unity. Fig. 3 is symmetric with respect to the diago-
nal. It can be observed that there are ERB-pairs with neg-
ative correlations. Level changes of these ERB-pairs are
opposite each other. These tendencies were observed in
all 150 HRTF sets. There are two frequency band regions
which have negative correlations with respect to the re-
maining frequency bands. These are the frequency ranges
of ≈ 0.4− 1 kHz and ≈ 6− 10 kHz.
4. ANALYSIS OF ERB BAND LEVEL CHANGES
The correlation coefficient cannot represent the absolute
value of the level change. Therefore small change could
be emphasized in previous analysis in Sec 3. We confirmed
concrete level changes of all bands. Fig. 4 shows the actual
level change of each band as a function angle. Observed
level changes for low bands (ERB bands #1–#15) in the
first sub-figure are small (2–3 dB), less than observed in the
other bands. We can find the levels (ERB bands #11–#15)
are slightly increasing in the first sub-figure of Fig.4. In
contrast, the level changes in second and fourth sub-figures
tends to decrease. Therefore, negative correlation would be
obtained and emphasized nevertheless level change is very
small in low frequency bands.
In the second sub-figure (ERB bands #16–#30), level
changes tend to decrease. In the fourth sub-figure (ERB
bands #37–#40) shows similar tendencies. Level change
in the third sub-figure, however, relative level rises then
falls. This is due to the frequency shift of the characteristic
notches.
From these results, since the change of the lower fre-
quency bands having a strong negative correlation is small,
the influence on perception is considered to be small. In
contrast, the level change in the bands in the third sub-
figure, which have a negative correlation, is characteristic
because their level changes are large and dynamic.
In the next section, based on these analysis results, the
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Figure 4. Level change of each ERB band as a function
of median plane angle in Fig. 2. ID# indicates the ERB
number (HRTF 1).
ERB bands are grouped into three regions and their rela-
tive changes are analyzed to clarify the negative correlation
bands, including the characteristic notches.
5. ORIGIN OF NEGATIVE CORRELATION IN
FREQUENCY REGION INCLUDING
CHARACTERISTIC NOTCHES
Although there are two frequency regions with negative
correlation values, the absolute level changes for the lower
region (ERB bands #11–#15) is small and therefore ig-
nored in subsequent analysis. In terms of the auditory
system, it is assumed that it is reasonable to group fre-
quency bands, which have similar level changes in median
plane. Therefore, we divide the audible frequency bands
into three large frequency region bands:
1. Band 1 (ERB bands #1–#30), which includes first
and second sub-figures of Fig 4.
2. Band 2 (ERB bands #31–#36), in which the charac-
teristic notches are included
3. Band 3 (ERB bands #37–#40), in which level change
tends to decrease in median plane as you can see in
fourth sub-figure of Fig. 4.
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Figure 5. Scatter plot of progression of relative level be-
tween grouped bands. ID#’s along plot line indicate me-
dian plane angle. Data points are connected by arrows ac-
cording to median plane angle progression. The bottom
sub-figure shows relative level of grouped bands according
to median plane angle (HRTF 1).
Figure 5 shows the progression of relative level as a
function of angle between the three region bands. The forth
figure shows relative level of three grouped bands along to
angle in median plane.
From Fig. 5, considering Band 1 & Band 2, it can be
seen that there are opposite changes (levels decreasing in
one band while increasing for the other) from 0◦ to 40◦
in front, and from 140◦ to 180◦ at the rear. The negative
correlation is caused from these tendency. In contrast, from
50◦ to 130◦, the level progression is positive.
From the second sub-figure (Band 2 & Band 3), the re-
lation from 150◦ to 180◦ is slightly negative. In front, this
negative relation can be partially observed from 20◦ to 50◦.
From the third sub-figure (Band 1 & Band 3), the relation-
ship is almost always positive, because relative levels in
both Band 1 and Band 3 decrease with median plane an-
gle. The negative correlation observed for Band 2 is due to
the frequency shifting of the characteristic notches.
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Figure 6. Correlation matrix averaged across all
105 HRTFs.
Figure 7. Distribution of upper/lower ERB band number
with positive correlation to ERB #33 for all 150 HRTF sets
Fig. 6 shows the correlation matrix averaged across all
105 HRTFs. From Fig. 6, the negative correlation of level
change in the grouped Band 2, in which the characteristic
notch exists, was still observed. Therefore, this negative
correlation in Band 2 is common in HRTF spectrum.
Furthermore, we investigated details of band width of
Band 2. Fig. 7 shows distribution of upper and lower limit
ERB band number of Band 2 with positive correlation to
ERB #33, which is included in the grouped Band 2, for all
HRTFs. Number in each circle indicates number of HRTF
sets in the condition. We can see that the spread of positive
correlations is different among HRTFs. In other words, the
band width of Band 2 differs among individuals. These are
caused from the fact that the frequency shift of character-
istic notches differs among individuals.
6. CONCLUSION
In this paper, upper median plan HRTFs were analyzed and
inter-band correlations were investigated to examine rela-
tionships between spectral cues associated with sound lo-
calization in the median plane. Results showed that the
audible frequency could be divided into three frequency
bands. The middle band, comprising the characteristic pin-
nae notches, showed a progression of of level as a function
of elevation angle which had a negative correlation relative
to the upper and lower bands.
It is hypothesized that this relative information could be
exploited by the auditory system to provide elevation infor-
mation. If shown in perceptual studies, this could indicate
that we do not need to detect frequency notches directly.
Namely, we may compare relative level across three large
frequency bands. Therefore, listening test are the next step
in our work to investigate this hypothesis.
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